Laser oscillation without population inversion is demonstrated experimentally in a V-type atomic configuration within the D 1 and D 2 lines of Rb vapor. It is shown that the effect is due to the atomic interference. The experimental results, as first predicted by careful theoretical analysis, are in a good agreement with detailed calculations. In the present work, laser oscillation without population inversion (LWI) [1] is reported for the first time. Our demonstration makes use of noninversion gain in a Vtype [2] cw amplifier. In order to obtain a clear proofof-principle demonstration of LWI oscillation, we carried out a set of experiments which include the following: the observation of inversionless amplification of a weak probe light by a coherently prepared atomic medium, experimental verification of the absence of inversion, and, finally, observation of noninversion laser oscillation in a cavity.
Laser oscillation without population inversion is demonstrated experimentally in a V-type atomic configuration within the D 1 and D 2 lines of Rb vapor. It is shown that the effect is due to the atomic interference. The experimental results, as first predicted by careful theoretical analysis, are in a good agreement with detailed calculations. In the present work, laser oscillation without population inversion (LWI) [1] is reported for the first time. Our demonstration makes use of noninversion gain in a Vtype [2] cw amplifier. In order to obtain a clear proofof-principle demonstration of LWI oscillation, we carried out a set of experiments which include the following: the observation of inversionless amplification of a weak probe light by a coherently prepared atomic medium, experimental verification of the absence of inversion, and, finally, observation of noninversion laser oscillation in a cavity.
Several recent experiments [4, 5] have already demonstrated the possibility of noninversion amplification. These experiments were based on observation of amplification in L-type systems [6] which involved coherent population trapping and can therefore be viewed as amplification with inversion in a dressed state basis.
V-type inversionless amplification is itself conceptually interesting in that the physics of resonant V-type LWI is the cancellation of absorption via quantum interference. And there is, in general, no dressed state basis in which there is a "hidden" inversion. Furthermore, the present work is a technical advance, in that it is the first observation of gain without inversion using low power cw diode lasers.
The present experiment was suggested and modeled by a detailed theoretical analysis, the results of which may be understood by considering the four-level model of Fig. 1(a) , although the actual calculations were carried out using a realistic model of Rb 87 with all hyperfine and Zeeman sublevels included. Two sublevels of the ground state are coupled to a pair of excited states via three fields. A strong driving field with Rabi frequency V c and a weak probe field with Rabi frequency V a are assumed to be quasimonochromatic. These fields have linewidths Dn c and Dn a , both of which are much less than atomic radiative decay rates. The third (pump) field is taken to be incoherent, i.e., it has a very broad linewidth ͑Dn pump ¿ g a , g c ͒ and is represented by an incoherent pumping rate r [see Fig. 1(a) ].
In the absence of the incoherent pump field, almost all the population is optically pumped into the state b 0 by the strong driving field. The incoherent pump destroys this optical pumping by populating the upper state a, and thus state b, via spontaneous decay. Hence the population difference r aa 2 r bb is determined by the rates with which atoms leave and decay into the states a and b. Note that in the limit of a weak probe field, atoms can leave state b only via state c. Thus the population difference above is determined by the ratio of decay rates from level a to level b and from level c to level b 0 . If level c decays more slowly than level a, an inversion on the transition coupled by the weak probe field cannot be created. Amplification of a weak probe field on the a to b transition is, however, possible, due to the presence of atomic coherence between upper levels a and c. The physical origin of this mechanism is to be interpreted as a quantum interference cancellation of absorption. Alternatively, reduction of absorption and enhanced gain can be viewed as a result of a Fano-type interference between the dressed states [2] .
The gain (absorption) coefficient for a weak probe field on the a to b transition is proportional to the imaginary part of the off-diagonal element of the atomic density matrix r ab . In the weak probe field limit, and under conditions of exact resonance, we obtain the gain
where r 0 ii is the population of level i calculated to the zeroth order in the probe field, g ij is the relaxation rate of the density matrix element r ij , N is the density of atoms, L is cell length, and l is the probe laser wavelength.
From the second equality in Eq. (1) we see that there are two contributions of the upper-level coherence which modify the usual gain or absorption. The first is the dynamical Stark effect [7] , studied theoretically and experimentally in a V-type configuration in [3] ; it is responsible for the jV c j 2 term in the denominator.
There is, however, another important effect which modifies the properties of the V scheme. This contribution is represented by the term proportional to the jV c j 2 in the numerator of Eq. (1) and is precisely due to the quantum interference of absorption mentioned above. It follows from Eq. (1) that absorption interferes destructively if r bb 2 r cc . 0. This leads to a reduction of absorption and enhances the gain. As a result the probe field can be amplified even if r aa 2 r bb , 0. We would like to underscore the fact that quantum interference is the only reason for inversionless gain in the V scheme, i.e., there is no inversion in any dressed state picture (provided the drive and the probe fields are equally detuned from resonance).
Motivated by these simple considerations, we choose for the present experiment in Rb 87 the following combination of the fields. The coherent drive isx polarized and couples sublevel 1 [8] of the S 1͞2 state with sublevels of the P 3͞2 state (the power ranged from 1 to 20 mW in 0.9 mm spot). The probe laser isẑ polarized and couples sublevels 1 ! 2 0 (the probe power ranged from 0.5 to 50 mW in a 0.7 mm spot). The third beam (incoherent pump) comes from a solitary diode laser that had a broad variable linewidth of 50-200 MHz, an output power 10 mW, and a diameter in the cell of 8 mm, which encompassed both the probe and pump beams. All fields propagate in the same direction, hence, for sufficiently strong drive field the amplification peak is essentially Doppler free.
To obtain amplification without inversion in our scheme, a weak magnetic field in the z direction is required. This field destroys Zeeman coherences within the F 2 ground state manifold created by anx polarized incoherent pumping field. Without the magnetic field population tends to collect in certain coherent superpositions of sublevels of this manifold. We found that the optimum range (for the given linewidth of the incoherent field) of the magnetic field H z is of order 10 24 T.
To investigate the possibility of LWI in this scheme we have numerically solved density matrix equations for the 32-level scheme of Rb, taking into account all relevant Clebsch-Gordan and Racah coefficients, field polarizations, Zeeman sublevels, and Doppler broadening. The results of the modeling are presented in Fig. 1(b) . The results, for this particular field configuration, turn out to be very similar to those obtained from the simple four-level model of Fig. 1(a) . As shown in Fig. 1(b) the gain increases as a function of the incoherent pump intensity, while inversion is negative and decreases within incoherent pump intensity.
A remarkable feature of the amplification peak in Figs. 2(a)-2(c) is its narrow width. This is determined in our case by the Rabi frequency of the driving laser. In contrast, the optical pumping peaks are broader, since their width is determined by the optical pumping rate of the driving field and the slow ground state relaxation rate. The calculated spectrum for the probe transmission is presented in the Fig. 2(a) . Agreement between theory and experiment is excellent.
In the experiment we use a 4 cm long Brewster cell containing natural Rb heated to ϳ60 ± C. The driving and probe lasers are tunable extended cavity diode lasers, having short-term linewidths on the order of 100 kHz. The drive and probe beams were separated after the cell with a diffraction grating.
In the first set of experiments the transmission of the probe field was measured as a function of its frequency. The frequency of the driving laser was tuned within the Doppler profile of the D 2 absorption line, while the frequency of the probe laser was swept through the D 1 line. The results of the transmission measurements are shown in the Fig. 2(b) . This figure shows the portion of the transmission spectrum which corresponds to the coupling of the probe field to the 1 ! 2 0 transition within the D 1 line.
The first experiment was done without the incoherent pump laser [curve a in Fig. 2(b) ]. On the broad Doppler profile apparent in the transmission spectrum of the probe beam we see two transmission peaks. They are due to the optical pumping of specific velocity groups by the drive laser. There are three such groups within the velocity distribution; for one of these groups the drive field is resonant with 1 ! 2 00 transition [left peak in Fig. 2(b) ] and for others it couples levels 1 with 1 00 and 1 with 0 00 . Since the frequency separation between the last two transitions is small, both of these groups contribute to the right optical pumping peak.
In the second experiment [curve b in Fig. 2(b) ] the incoherent pump was added and its frequency was tuned such that it couples 2 ! 2 0 transition. We clearly observe an increase in the transmission of the probe corresponding to amplification of the weak probe field in the vicinity of 1 ! 2 00 optical pumping peak. The amplification occurs in spite of the fact that the results of optical pumping are destroyed by the incoherent laser. Because of the reverse optical pumping effect, the absorption of the probe increases in all other parts of the spectrum. We also notice that the amplification peak has a much narrower width [ϳ30 MHz in Fig. 2(b) ] than the pure optical pumping peaks of curve a. With present experimental conditions we observe approximately 8% to 16% gain per pass.
To verify the absence of a population inversion we carry out an experiment with different linewidths for the probe laser. Since the probe field is weak, it does not affect the population distribution in our system. However, its phase fluctuations do affect the coherent contribution to the gain coefficient [9] . This is due to fact that phases of atomic coherences cannot follow fast phase fluctuations of the fields and therefore, on average, coherent contributions are reduced. Indeed, the probe laser linewidth adds to the decay rate of the upper-level coherence. Consequently, if Dn a $ g a,b , the linewidth contribution dominates the coherence decay rate, and therefore reduces the contribution due to atomic interference in the gain coefficient. In the limit Dn a ¿ g a,b the interference contribution vanishes, and therefore amplification without inversion should disappear.
In our original experiment the linewidths of probe and driving lasers are relatively narrow ͑Dn ϳ 100 kHz ø g a 5.4 MHz, g b 5.6 MHz͒.
However, we can change these linewidths from 100 kHz to 50 MHz by modulating the diode laser's injection current with a noise signal. Figure 2(c) shows the result of such a modulation of the current to the probe laser. In this experiment all three lasers are present in the cell, and therefore without the additional modulation we see the typical amplification peak [curve a in Fig. 2(c) ]. In the presence of the current modulation the linewidth of the probe laser was ϳ10 MHz, and we observe that the amplification disappears (curve b). Since the populations of the levels are not changed, this proves that the observed amplification is not due to population inversion, i.e., it is LWI due to quantum interference effects.
Having observed the amplification of a weak probe field and having verified the absence of a population inversion, we are able to demonstrate the buildup of laser oscillations in a cavity at the frequency corresponding to the 1 ! 2 0 transition of the D 1 line. To this end the Rb cell was placed inside the ring cavity [ Fig. 3(a) ]. One mirror of this cavity was formed by a polarization cube in order to allow for a substantial transmission ofx-polarized driving field, and, at the same time, high reflectance for aẑ-polarized lasing field. The laser radiation at 794 nm was selected at the cavity output by using a monochromator. The frequencies of driving and incoherent pump lasers were controlled by using additional reference cells with Rb. The typical dependence of the output power from the cavity at 794 nm and corresponding absorption of the driving field in the reference cell is presented in the Fig. 3(b) as a function of driving field frequency. When driving laser (780 nm) is tuned near the center of the D 2 absorption line ͑1 ! 2 00 transition), the laser oscillation at 794 nm appears in the ring cavity. This laser field oscillates at the frequency corresponding to the 1 ! 2 0 transition of the D 1 line as was verified by making a beat note with an independent laser. The beat note measurement shows a direct one-to-one correspondence of the tuning of 795 nm laser with the frequency of the driving laser, which again confirms that the observed lasing is caused by coherent interaction of the drive laser with atoms. This tuning, along with the fact that the incoherent pump is spectrally broad, rules out the possibility that the lasing is due to Raman gain. Under conditions similar to that of the pump-probe experiment except with no probe present we observed approximately 30 mW of lasing power at 794 nm.
In conclusion, we have experimentally shown inversionless amplification and lasing in a Rb gas cell coherently prepared by a cw diode laser. To prove that the gain is "without inversion" we performed measurements with various linewidths of the probe laser, showing that when the linewidth of the probe laser exceeds the radiative decay rate, the amplification peak disappears. This establishes the LWI nature of the observed amplification and the absence of population inversion. And, finally, selfgenerated laser oscillation was observed when the inversionless gain medium was placed inside a laser cavity that was resonant with the appropriate transition of the D 1 line.
The authors gratefully acknowledge useful discussions with E. Arimondo Fleischhauer et al., ibid. 110, 351 (1994) .
